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Abstract
Acceleration of Bone Regeneration by BMP-2-Loaded 
Collagenated Biphasic Calcium Phosphate in Rabbit Sinus
Jung-Soo Kim, D.D.S., M.S.D.
Department of Dentistry
The Graduate School, Yonsei University
(Directed by Professor Seong-Ho Choi, D.D.S., M.S.D., PhD.)
Objective: The objective of this study was to determine the effectiveness of 
collagenated biphasic calcium phosphate (CBCP) as a carrier for bone morphogenetic 
protein-2 (BMP-2) at the early stage of healing in rabbit sinus.
Material and Methods: In 16 rabbits, BMP-2-loaded CBCP was grafted into one 
sinus (the BMP group) and saline-soaked CBCP was grafted into another sinus (the 
CTL group). The groups were assigned randomly. After 2 weeks (n = 8) or 4 weeks (n 
= 8), radiographic and histologic analysis was performed.
Results: Total augmented volume was significantly larger in the BMP group at both 
healing periods. Furthermore, new bone volume was significantly greater in the BMP 
group at 4 weeks. Marked bone formation near the Schneiderian membrane was 
vfound in the BMP groups at the early healing period. At 4 weeks, evenly distributed 
new bone was observed in the BMP group, whereas the new bone was sparsely 
distributed in the central portion in the CTL group.
Conclusion: It can be concluded that the addition of BMP-2 to CBCP resulted in a 
greater initial augmented volume as a result of postoperative swelling, which is 
replaced by early bone formation, and it was prominent near the Schneiderian 
membrane.
KEYWORDS: bone substitutes, bone tissue engineering, bone regeneration, sinus 
augmentation
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I. Introduction
A suitable carrier matrix is required to act as a scaffold for the effective 
application and release of growth factors. In the case of a maxillary sinus, the volume 
stability of the carrier against further repneumatization should also be considered. The 
absorbable collagen sponge (ACS), which has been approved by the US Food and 
Drug Administration, is known to have a limited capacity with respect to maintaining
volume.1 On the other hand, particulate graft materials are difficult to manipulate at 
surgical sites. Accordingly, a combination of particulate bone graft material and 
2collagen has recently been developed with a view to reinforcing the mechanical 
durability while simultaneously improving the manageability.2,3
The present study attempted sinus augmentation using collagenated biphasic 
calcium phosphate (CBCP) as a carrier for bone morphogenetic protein-2 (BMP-2). It 
was hypothesized that the slowly resorbing hydroxyapatite (HA) core would offer 
good osteoconductivity for new bone growth, while the rapidly resorbing beta-
tricalcium phosphate (β-TCP) would be a good substrate for bone-forming cells due 
to its excellent biocompatibility.4,5 Moreover, the resorption rate of this biomaterial 
can be controlled by modifying the mixing ratios of HA and β-TCP without altering 
its osteoconductive properties,6,7 and the collagen matrix should stabilize the bone 
particles and help with the adsorption of blood coagulum at the initial stage of 
healing.8 A recent study found that CBCP composite blocks loaded with BMP-2 
facilitate 3D bone regeneration in a vertical augmentation model, yielding bone with a 
mature appearance.9
In terms of the release kinetics of BMP-2, ACS exhibited an initial burst release 
pattern of BMP-2, whereas allografts and ceramics inefficiently released BMP-2.10
HA particles are poorly bioresorbable, whereas TCP particles progressively undergo 
bioresorption.11 The bioresorption properties of the biphasic calcium phosphate (BCP) 
ceramics could provide optimum conditions for BMP-2-induced bone formation, 
rendering CBCP an excellent carrier system for BMP-2.12 The controlled release of 
BMP-2 could greatly accelerate new bone formation.
3BCP showed biocompatible and osteoconductive properties in sinus 
augmentation,13 however it is known that adequate levels of new bone formation are 
generally achieved only after 6–8 months of healing following the sinus augmentation 
procedure.14 In order to overcome this shortcoming, various studies have investigated 
the use of various growth factors such as BMPs.15,16
The objective of this study was to determine the effectiveness of CBCP as a 
carrier system for BMP-2 at the early stage of healing for sinus augmentation in the 
standardized rabbit sinus model.
4II. Materials and Methods
1. Preparation of the BMP-2 and BMP-2-Loaded CBCP
The E. coli expressed BMP-2 and the CBCP were generously supplied by Genoss 
institute (Suwon, Korea). BMP-2 at the concentration of 0.1mg/ml was reconstituted 
and diluted in a buffer, and then CBCP (Osteon Collagen®, Genoss, Suwon, Korea)
with 0.3–0.5 mm particle size, was soaked with 200 ml of BMP-2 or saline. The 
CBCP blocks were porous in structure and had a uniform volume of ø6.0 x 5.0 mm.
The cylindrical shaped bone filler composed of synthetic bone containing 70% HA 
and 30% β-TCP and a natural type I collagen. After allowing a binding period of 
10 min, the CBCPs soaked with BMP-2 or saline were placed into the maxillary
sinuses.
2. Study Design
In total, 16 rabbits were subjected to bilateral sinus augmentation. The animals 
were divided into two groups according to the healing period: 2 weeks (n = 8) and 
4 weeks (n = 8). One sinus of each rabbit was augmented using BMP-2-loaded CBCP
(BMP group), and the other sinus was augmented using saline-soaked CBCP (CTL 
group); the groups were assigned randomly. Thus, there were ultimately four groups:
5BMP groups with 2- and 4-week healing periods (2wBMP and 4wBMP groups), and 
CTL groups with 2- and 4-week healing periods (2wCTL and 4wCTL groups).
3. Animals
Male New Zealand white rabbits weighing 2.5–3.0 kg were selected for the
experimental model. In total, 32 maxillary sinuses in 16 rabbits were used for sinus 
augmentation. Animals were housed in separate cages under standard laboratory 
conditions, with ad libitum access to water and a standard diet. The selection, 
management, and preparation of animals, and the surgical protocol were approved by 
the Institutional Animal Care and Use Committee of Yonsei Medical Center, Seoul, 
Korea (approval no. 2011-0262).
4. Surgical Procedures
The surgical procedure has been described in our previous report.17 In brief, a full-
thickness flap was elevated laterally under general anesthesia and local infiltration 
after a straight incision along the midline along the nasal bone. Standardized circular 
windows were prepared bilaterally with a 5.5-mm-diameter trephine bur (C-reamer, 
Neobiotech, Seoul, Korea). Drilling was performed until the grayish membrane was 
seen through the trephined bone, at which point the circular bony disk was carefully 
removed. The sinus membrane was then elevated and either saline-soaked CBCP or
BMP-2-loaded CBCP was inserted into the each of the two maxillary sinuses (with 
6the sides for the CTL and BMP groups being chosen at random). After grafting, the
flaps were sutured layer by layer with 4–0 Monosyn (glyconate absorbable 
monofilament, B-Braun, Aesculap, Center Valley, PA, USA), which was removed 
after 7 days. The rabbits were sacrificed at either 2 or 4 weeks postoperatively.
5. Radiographic Analysis
All collected samples, including the augmented sinus and the surrounding tissue,
were fixed in 10% formalin for 10 days. They were scanned using a µCT system 
(high-energy spiral scan µCT, Skyscan 1173, Bruker-microCT, Kontich, Belgium) at a 
resolution of 14.91 µm (achieved using 130 kV and 60 µA). The scanned data were 
reconstructed using NRecon software (Bruker-microCT), and the region of interest 
(ROI) was established and analyzed using CTAn software (Bruker-microCT). The 
mineralization of bone can be assessed by the comparison of x-ray attenuation with 
that of HA.
Analysis of the 3D images allowed measurement of the total augmented volume 
(TAV; in mm3) and the volumes of the following components: newly formed bone
(NBV; in mm3), residual particles of graft materials (RMV; in mm3), and 
nonmineralized tissue (NMV; in mm3); the volume ratios of each of the latter three 
components to TAV were also calculated (designated as %NBV, %RMV and %NMV, 
respectively). In addition, the same measurements were performed at three segmental
7ROIs; window, center, and membrane. The volume of each sectional ROI was 
4.94 mm3 (cylinder form, ø2.5 mm × 1.0 mm; Figure 1A).
6. Histologic and Histomorphometric Analysis
After radiographic analysis, the sections were decalcified in 5% formic acid for 10
days and then embedded in paraffin. Serial sections were cut at a thickness of 5 µm 
coronally along the center of the window. The two most central sections of each block
were selected and stained with Masson’s trichrome. Histologic analysis was 
performed using a light microscope (BX-50, Olympus Optical, Tokyo, Japan).
Histomorphometric measurements were made using an automated image-analysis 
system (Image-Pro Plus, Media Cybernetics, Silver Spring, MD, USA). The 
composition of the total augmented area (TAA; in mm2) was identified, and the 
relative areas of new bone, residual material, non-mineralized tissue were separately 
detected manually and calculated (NBA, RMA, and NMA, respectively; in mm2). The 
proportions of each composite (i.e., %NBA, %RMA, and %NMA) out of the TAA
were also obtained. To evaluate the homogeneity of regenerated bone in the grafted 
sinus area as a secondary outcome variable, the above-mentioned areas and 
proportions of each composite were calculated in specific standardized ROI; near 
window, at central, and near membrane (square form, 1.0 mm × 1.0 mm; Figure 1B).
87. Statistics
The statistical analyses were performed using the Statistical Analysis System 
(SAS v9.2, SAS Institute, Cary, NC, USA). The Shapiro-Wilk normality test was 
performed prior to the statistical analysis and all variables were found to be normally
distributed. Independent t-tests were carried out to compare the results obtained at 2 
and 4 weeks, and paired t-tests were used to evaluate differences between the BMP-2-
treated and control groups (p < 0.05).
9III. RESULTS
1. Clinical Observations
Only one rabbit in the 4wBMP group was excluded from the results (due to
maxillary sinusitis). The wound healing process was generally uneventful, although 
small tears in the sinus membranes did occur in five sinuses (one of the BMP group 
and four of the CTL group).
2. Radiographic Analysis
The 3D-reconstructed views revealed that all window areas of augmented sinuses 
were partially externally closed in all groups and the augmented sinus had a dome-
shaped appearance in all groups. The volume of the augmented area appeared to be 
greater in the BMP groups than in the CTL groups (Figure 2). The sinus cavity was 
augmented in all groups with radiopaque substance, including remnant bone 
substitute and regenerated mineralized tissue. In the BMP groups, a large amount of 
new bone was evident in the overall area of the sinus at the 4-week healing period, 
although newly formed bone was mainly observed near the window and at the 
anterior portion of sinus at 2 weeks. On the other hand, newly formed bone in the 
CTL groups was mainly observed only near the window at 2 weeks; it did not expand 
to the anterior portion of the sinus until 4 weeks (Figure 3).
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The mean TAV, NBV, RMV, and NMV of each group are given in Table 1. TAV 
was significantly larger in the BMP group than in the CTL group at both 2 weeks 
(217.1 ± 31.7 mm3 vs 180.5 ± 18.6 mm3, p = 0.01) and 4 weeks (225.0 ± 17.4 mm3 vs
172.7 ± 16.5 mm3; p < 0.0001). NBV was significantly larger in the BMP group than 
in the CTL group at 4 weeks (p < 0.0001), did it did not differ significantly between 
these groups at 2 weeks. Both NBV and %NBV were significantly greater in the 
4wBMP group than in the 2wBMP group (p < 0.05). NMV was significantly larger in 
the BMP groups than in the CTL groups at both 2 and 4 weeks (p = 0.03 and 0.002, 
respectively). %NMV of both the BMP group (p = 0.0120) and the CTL group (p =
0.0066) decreased significantly with healing time.
Table 1. Composition of the Total Augmented Volume. (mean ± standard deviation)
Healing Periods TAV NBV RMV NMV
2 weeks
BMP group
Volume (mm3) 217.05 ± 31.67b 30.85 ± 6.31a 52.20 ± 11.73 134.00 ± 39.02b
Ratio (%) 100 14.52 ± 3.94a 24.71 ± 7055 60.77 ± 11.16a
CTL group
Volume (mm3) 180.49 ± 18.60 26.14 ± 4.10 58.16 ± 9.46 96.19 ± 17.15a
Ratio (%) 100 14.51 ± 2.00 32.32 ± 4.84 53.17 ± 6.64a
4 weeks
BMP group
Volume (mm3) 224.95 ± 17.38b 55.10 ± 6.76b 62.64 ± 5.39 107.21 ± 15.90 b
Ratio (%) 100 24.51 ± 2.48b 27.99 ± 3.14 47.50 ± 4.18
CTL group
Volume (mm3) 172.65 ± 16.47 36.72 ± 4.22 61.02 ± 5.38 74.90 ± 13.73
Ratio (%) 100 21.29 ± 1.57 35.53 ± 3.84 43.18 ± 5.09
a Significantly different from the group with the same protocol at 4 weeks (p < 0.05).
b Significantly different from the CTL group at the same observation period (p < 0.05)
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TAV = total augmented volume; NBV = volume of newly formed bone; RMV = volume of 
residual particles of graft material; NMV = volume of non-mineralized tissue.
Statistically significant differences between the groups are shown in 
Figure 4. %NBV was significantly larger in the 4wBMP group than in the 4wCTL 
group at the three segmental regions (p < 0.05). %NMV was significantly smaller in 
the 4wBMP group than in the 2wBMP group in the membrane region (p < 0.01).
3. Histologic Analysis 
The maxillary sinus cavity was surrounded by the respiratory mucosa and a thin 
layer of cortical bone. Lining of the Schneiderian membrane was intact and numerous 
serous glands were seen within lamina propria between the epithelium and the 
periosteum-like layer. The overall morphology of the five sinuses which experienced 
membrane tearing during surgical procedure was similar with to that of the normal 
sinus without perforation of the Schneiderian membrane.
At 2 weeks, cross-sectional shape of the augmented sinus was convex and the 
window region was not yet completely regenerated in both groups. The collagen 
matrix which acts as a cohesive granule stabilizer in the CBCP carrier was completely 
resorbed. In the 2wCTL group, only a small amount of new bone could be detected all 
around the augmented area, and most extensively at the periphery of window region 
which adjacent to the pristine bone (Figure 5A, B). The osteoclasts could be found 
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mostly near the Schneiderian membrane and window regions, and the residual 
biomaterials were closer to each other than at the BMP group (Figure 5C, D).
In 2wBMP group, the newly formed bone was mainly observed along the outer 
surface of CBCP, close to the parent bone wall and the raised Schneiderian membrane 
(Figure 5E). The new bone was woven bone containing extensive blood vessels and 
viable osteocytes were visible inside lacunae. The surface of new bone was lined by 
osteoblasts and several active multinucleated osteoclasts were also observed (Figure
5F, G, H).
Compared with 2 weeks, the new bone area increased visibly at 4 weeks in both 
groups and the augmented spaces remained convex. In 4wCTL group, the quantity of 
new bone was increased in the window and membrane regions, however the new 
bone was sparsely observed in the central portion of the augmented area (Figure 6A, 
B, C, D). The window region was partially closed and the augmented surface of sinus 
window was rather depressed.
In 4wBMP group, a considerable amount of new bone was evenly distributed 
throughout the entire augmented sinus (Figure 6E). The window region was almost
continuous with the newly formed bone from the sinus cavity, and the original 
curvature of the nasal bone was restored. The new bone showed evidence of 
maturation in part being lamellar but mostly represented woven bone with 
osteoclastic activity. Most of residual particles were tightly attached to new bone even 
at the central region of the sinus and the bone regeneration and remodeling was still in 
progress. Up to the central portion of the sinus, revascularization was considerably 
13
progressed with a blended appearance (Figure 6F, G, H).
4. Histometric Analysis
The differences in the TAA confirmed the radiographic volumetric analysis. At 
both 2 and 4 weeks, the TAA and NBA were significantly larger in the BMP group 
than in the CTL group (Table 2). In accordance to the healing period, the NBA of 
4wBMP group was significantly larger than those of 2wBMP group, while the NMA 
of 4wBMP group was significantly less than those of 2wBMP group (p = 0.001, p = 
0.005, respectively).
Table 2. Composition of the Total Augmented Area. (mean ± standard deviation)
Healing Periods TAA NBA RMA NMA
2 weeks
BMP group
Area (mm2) 20.50 ± 3.68b 2.36 ± 0.31a,b 5.81 ± 0.96 12.33 ± 2.56a,b
Ratio (%) 100 11.39 ± 3.33a 28.73 ± 4.69b 59.88 ± 3.18a
CTL group
Area (mm2) 16.12 ± 1.80 1.31 ± 0.61a 5.97 ± 0.95 8.83 ± 1.56a
Ratio (%) 100 8.29 ± 4.11a 37.12 ± 5.22 54.59 ± 5.04a
4 weeks
BMP group
Area (mm2) 22.03 ± 5.89b 6.16 ± 2.35b 5.98 ± 0.92 9.89 ± 1.58 b
Ratio (%) 100 27.45 ± 7.03b 27.48 ± 4.08 45.07 ± 3.86
CTL group
Area (mm2) 15.34 ± 2.22 3.07 ± 1.27 5.24 ± 0.30 7.03 ± 1.12
Ratio (%) 100 19.26 ± 6.23 34.95 ± 6.63 45.80 ± 2.27
a Significantly different from the group with the same protocol at 4 weeks (p < 0.05).
14
b Significantly different from the CTL group at the same observation period (p < 0.05)
TAA = total augmented area; NBA = area of newly formed bone; RMA = area of residual 
particles of graft material; NMA = area of non-mineralized tissue.
The compositions of specific standardized regions are summarized in Figure 7. 
Interestingly, at the 2 week healing point, only membrane region showed a statistical 
difference of %NBA between BMP and CTL group (p = 0.016), and then the 
greater %NBA was observed not only in the membrane area, but also in the center 
area at 4 weeks (p = 0.043, p = 0.001, respectively). We observed that the %NBA had 
increased in all specific regions (i.e. widow, center and membrane) by the end of the 
observation period with the exception of the center region of the CTL group.
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IV. DISCUSSION
The burst release of BMP-2 adsorbed on ACS generates a supraphysiologic 
concentration of the drug at a very early phase of healing, which is associated with 
potential complications such as bone resorption, graft resorption, hematoma 
formation, and heterotopic ossification.18,19 It was thus expected that the combination 
CBCP carrier would allow a more controlled and sustained release of the protein, 
since it has been shown that collagen is associated with the early release of growth 
factors,20 and BCP is responsible for the relatively late protein release.10
The overall volume analysis revealed that TAV and NMV were significant larger 
in the BMP groups than in the CTL groups. It can be assumed that the initial increase 
in TAV at 2 weeks was associated with the increase in NMV, which can be attributed 
to postoperative swelling. This finding was also supported by the histometric analysis 
revealing greater TAA value in the 2wBMP groups than the 2wCTL group along with 
the corresponding difference in the NMA values showing statistical significance.
Such soft-tissue swelling might be the combined result of inflammation of the 
surrounding tissues and sterile seroma and hematoma formation.21-23 Lu et al. reported 
considerable initial swelling in the study using BMP-2-loaded ACS or collagen/β-
TCP/HA on supra-alveolar, peri-implant defects.24 In addition, Lee et al. 
demonstrated that BMP-2 triggered dose-dependent inflammatory reactions that led to 
soft-tissue edema.25
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On the other hand, the late and remarkable increase in TAV at 4 weeks was 
attributable to not only the increase in NMV but also the increase in NBV, which 
differed significantly between the 2wBMP and 4wBMP groups. Moreover, the 
statistically significant decrease in NMV between the 2wCTL and 4wCTL groups 
implies a reduction in postoperative swelling, which was also observed in the BMP
groups. However, maintenance of the increased volume or even greater increased 
volume was observed in the BMP group (unlike in the CTL group). An explanation 
for this is that new bone formation was accelerated by BMP-2 before the volumetric 
increase caused by postoperative swelling had resolved between the 2- and 4-week
healing periods. This phenomenon could be explained by different histologic healing 
pattern observed between the 2wBMP and 2wCTL groups: especially in terms of the 
regional distribution of the newly formed bone, the %NBA at the membrane regions 
of the sinus was significantly greater in the BMP group than in the CTL group. This is 
concurrent with the previous study representing that osteoinductive potential of the 
Schneiderian membrane is provoked at the early stage of healing with BMP-2.17,26
Early corticalization of the outer surface of augmented sinus may provide support for 
the maintenance of augmented volume by resisting the positive respiratory pressure. 
Therefore, the volumetric increase caused by postoperative swelling may be 
considered a positive effect in terms of providing a space for new bone to augment 
the insufficient bone volume in the maxillary sinus, if it is utilized appropriately with 
growth factors such as BMP-2.
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Similar studies have been conducted using BMP-2. Choi et al. found no difference 
in new bone formation between their experimental and control groups in the rabbit 
sinus model using BMP-2-coated-BCP and BCP alone after 8 weeks of healing.17 The 
rabbit sinus model has a strong osteogenic potential, therefore the effect of BMP-2 
would not appear pronounced in the late stage of healing. Hence, healing periods of 2 
and 4 weeks were used in the present study to determine the characteristics of bone 
substitutes with BMP-2 at the early stage of healing. The findings of this study
demonstrate that, BMP-2 could result in earlier bone regeneration in greater quantity
in the maxillary sinus, offering improved implant stability at the early stage of healing, 
achieving reduced healing time.
One particularly interesting observation in the present study was that an 
improvement in bone quality was achieved using BMP-2, which effected 
homogeneous bone formation even at the central region of the augmented sinus. The 
central region is distant from the osteogenic sources such as native bone; hence 
resulting in a relative lack of new bone formation. In the present study, BMP-2/CBCP
seemed to facilitate angiogenesis in areas distant from the parental bone. BMP-2 
stimulates adult mesenchymal stem cells to differentiate into osteogenic cells and 
causes angiogenesis through chemotaxis of osteoblasts and endothelial cells.27,28
Moreover, the porous structure of CBCP could also provide an appropriate 
environment for rapid revascularization to avoid an ischemic condition.29 BMP-
2/CBCP might enhance osteogenic potential under conditions in which only few cells
and insufficient blood supply exist.
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Large ranges of BMP-2 concentrations have been used in rabbit sinus model thus 
far (0.1–2 mg/ml).30-32 The high doses of BMP-2 in clinical use may contribute to the 
numerous adverse effects that are observed in humans but not in animal 
experiments.33 Therefore, the clinical usage of BMP-2 would be improved by the 
minimum dose of BMP-2 that would both form high-quality bone and reduce side 
effects.34 Toward this end, in the present study, we used the minimal concentration of 
BMP-2 (0.1 mg/ml, corresponding to 0.02 mg of BMP-2) which has been the lowest 
concentration of BMP-2 to induce the osteogenic effect in rabbit sinus model, and it 
was shown to successfully accelerate the regeneration of bone. Therefore, consistent 
to the aim of minimizing the dosage of BMP-2 for bone regeneration, our study 
suggests the necessity to further reduce the concentration of BMP-2 in future studies 
to less than 0.1 mg/ml.
It can be concluded that the addition of BMP-2 to CBCP resulted in a greater 
initial augmented volume as a result of postoperative swelling, which is replaced by 
early bone formation, and that bone formation was prominent near the Schneiderian 
membrane in the rabbit sinuses.
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Figure Legends
Figure 1. (A) The ROI for radiographic analysis. The sinus window is indicated by 
two arrowheads (W, near window; C, at center; M, near membrane). The red dotted 
line represents the overall augmented area, and the yellow lines represent the three 
segmental parts. Each segment is a cylinder form (ø2.5 mm × 1.0 mm). (B) The ROI 
for histomorphometric analysis. Each segment is a square form (1.0 mm × 1.0 mm). L 
is the line between the edges of the window. L’ is the line contacting the outline of the 
Schneiderian membrane; the slope of line L’ equals that of line L. The center of region 
C is at the center point between L and L’. The centers of regions W and M are 1 mm 
(*) from L and L’, respectively, and lie on the line between L and L’ (Masson’s 
trichrome stain).
Figure 2. 3D-reconstructed micro-computed tomographic (μCT) view of the 
augmented area. The green and red colors represent areas augmented with BMP-2-
treated CBCP (the BMP group) and saline-soaked CBCP (the CTL group), 
respectively. Partial overflow of the augmented materials was observed in the sinus 
windows of the BMP group (arrow). Conversely, a slight depression and partial 
closure of the sinus window was observed in the CTL group at the 4-week healing 
point (arrowhead). (A, B, C) The 2-week group. (D, E, F) The 4-week group. (A, B, 
D, E) Outside views of the augmented sinus windows. The partial overflowing of the 
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augmented areas was more evident in oblique views (B and E) than in upper views (A 
and D). (C and F) Inside views of the augmented area of the sinus clearly revealed the 
volumetric expansion in the BMP groups, in contrast with the CTL groups.
Figure 3. μCT views of the augmented area. Each color in the augmented area 
represents a different phase of bone formation. The blue, light-green, purple, and 
yellow areas indicate original particles, actively absorbing particles, loose new bone, 
and dense new bone, respectively. (A and C) The 2-week groups. (B and D) The 4-
week groups. A and B are coronal views, while C and D are axial views. (ant, 
anterior; post, posterior.)
Figure 4. Composition of the three segmental regions in the radiographic analysis: 
(A) W, (B) C, and (C) M. *Significantly different from the CTL group at the same 
observation period. **Significantly different between the 2- and 4-week groups with 
the same protocol. (NB, newly formed bone; RM, residual particles of graft material; 
NM, nonmineralized tissue.)
Figure 5. Histologic photomicrographs after the 2 weeks of healing. The surgically 
created windows were clearly distinguished (arrowheads, stained with Masson’s 
trichrome). (A) The CTL group. A small amount of NB was detected all around the 
augmented area. The highlighted areas are presented in (B-D) (scale bar = 2 mm). (B-
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D) W, C and M regions, respectively (scale bar = 500 mm). (E) The BMP group. The 
NB was mainly observed along the outer surface of CBCP, close to the pristine bone 
(PB) and the raised Schneiderian membrane (SM). The highlighted areas are 
presented in (F-H) (scale bar = 2 mm). (F) W region, The NB projection from the PB 
was observed (scale bar = 500 mm). (G) C region (scale bar = 500 mm). (H) M region, 
The NB was found along the SM and RMs were directly attached with the NB (scale 
bar = 500 mm).
Figure 6. Histologic photomicrographs after the 4 weeks of healing. The surgically 
created windows were indicated (arrowheads, stained with Masson’s trichrome). (A) 
The CTL group. The quantity of NB was increased in the W and M regions compared 
with 2wCTL group. The highlighted areas are presented in (B-D) (scale bar = 2 mm). 
(B) W region (scale bar = 500 mm). (C) C region, The RMs were encapsulated with 
dense non-mineralized tissue and the NB was sparsely visible (scale bar = 500 mm). 
(D) M region (scale bar = 500 mm). (E) The BMP group. Evenly distributed new bone 
was observed throughout the sinus. The highlighted areas are presented in (F-H) 
(scale bar = 2 mm). (F) W region, The window area was almost regenerated and the 
PB was hardly distinguishable from the NB (scale bar = 500 mm). (G) C region, A 
large number of blood vessels were found and bone regeneration was still in progress 
(scale bar = 500 mm). (H) M region, The NB was found in direct contact along the 
SM (scale bar = 500 mm).
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Figure 7. Composition of the three segmental regions in the histomorphometric 
analysis: (A) W, (B) C, and (C) M. *Significantly different from the CTL group at the 
same observation period. **Significantly different between the 2- and 4-week groups 
with the same protocol.
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국문요약
토끼 상악동에서 BMP-2-loaded collagenated biphasic
calcium phosphate에 의한 골재생 촉진
< 지도교수 최성호 >
연세대학교 대학원 치의학과
김 정 수
목적: 이 연구의 목적은 토끼 상악동의 초기 치유단계에서 골형성 유도
단백질-2 (BMP-2)의 carrier로서 collagenated biphasic calcium 
phosphate (CBCP)의 효과를 결정하는 것이다.
재료 및 방법: 16마리의 토끼의 한쪽 상악동에는 BMP-2를 첨가한
CBCP (the BMP group)를, 그리고 다른 한쪽 상악동에는 생리식염수를 첨
가한 CBCP (the CTL group)를 이식했다. 2주와 4주 후, 각각 8마리씩 방
사선학적 분석 및 조직학적 분석을 시행하였다.
결과: 총 증대된 부피는 2주, 4주 모두 실험군에서 통계적 유의성 있게
증대되었다. 그리고 새로운 골부피는 4주째에 실험군에서 통계적 유의성
있게 가장 크게 나타났다. 상악동막 가까이에서 상당한 골형성이 초기 치
37
유 기간 동안 실험군에서 관찰되었다. 4주 후, 고르게 분포된 새로운 골이
실험군에서 발견되었으나, 대조군에서는 새로운 골이 상악동 중앙 부분에
드문드문 분포되었다. 
결론: CBCP에 BMP-2의 첨가는 술후 부종의 결과로서 많은 초기 부피
증대량을 보였고, 이는 빠른 골형성에 의해 대체되었으며, 이러한 현상은
상악동막 부분에서 현저하게 나타났다.
핵심되는 말: 골재생, 골대체제, 골조직공학, 상악동 증대술
